Porphyritic rhyolite sills form an important component of the footwall of the Wolverine volcanogenic massive sulfide (VMS) deposit, Yukon, Canada, and occur proximal to mineralization in the immediate deposit area (Wolverine/Lynx zone) and at similar stratigraphic levels along strike (Fisher, Puck, and Sable zones). Porphyritic rhyolites are of two types: an older quartz-feldspar porphyritic (QFP) rhyolite suite; and a younger feldspar porphyritic (FP) suite. Both the QFP and FP suites of intrusions are semiconcordant, suggesting a silllike morphology, and are altered and crosscut by veinlet mineralization, suggesting that they are pre-to synmineralization. The margins of QFP suite of intrusions contain minor xenoliths of surrounding shales and poorly developed chilled margins suggesting emplacement into partially consolidated sedimentary rocks, whereas the FP suite of intrusions shows well-developed chilled margins indicative of emplacement into fully solidified sedimentary rock. These features suggest that the QFP suite of intrusions represents an older phase of rhyolitic magmatism, whereas the FP suite represents a younger event. This is supported by U-Pb zircon ages, which indicate a 352.4 ± 1.5 Ma emplacement age for the FP suite and a ~347 to 346 Ma emplacement for the FP suite (two ages at 347.8 ± 1.3 and 346.0 ± 2.2 Ma). Both suites of porphyries have inherited Proterozoic zircon and have ratios of La/SmUCN~1 and Nb/ThUCN~1 (UCN -upper continental crust normalized), indicating derivation from and/or extensive interaction with ancient upper continental crustal materials. The FP suite, however, has elevated high field strength element (HFSE) and rare earth element (REE) contents, high zircon saturation temperatures, and higher Nb/Ta ratios and lower Ti/Sc ratios than the QFP suite. These features are interpreted to reflect that the FP suite of magmas was hotter (>900°C) melts with a greater mantle component in their genesis. Both suites, however, are interpreted to have formed due to basaltic upwelling, crustal melting, and crust-mantle mixing during ensialic back-arc basin activity. The presence of mantle heat within the Wolverine basin from ~352 to ~347 to 346 Ma, a minimum of 5 m.y., suggests that sustained mantle heat flow was critical to the genesis of the Wolverine porphyries. It is also suggested that this sustained mantle heat was responsible for the Wolverine hydrothermal system and that upwelling mantle may be essential in providing the heat to drive hydrothermal systems even in continental margin-type VMS environments (e.g., Bathurst, Iberian pyrite belt).
Introduction
those in the footwall of the Money Creek thrust, an Early Permian east-northeast-vergent thrust fault with more than 35 km of displacement that juxtaposes broadly coeval but lithologically and geochemically distinct lithologic successions (Figs. 2, 3; Murphy and Piercey, 2000) . Rocks in the footwall of the thrust include the mafic and felsic metavolcanic and metasedimentary rocks of Upper Devonian and older Grass Lakes Group, Late Devonian to early Missisippian granitic metaplutonic rocks of the Grass Lakes plutonic suite and metasedimentary and mafic and felsic metavolcanic rocks of the unconformably overlying lower Mississippian Wolverine Lake Group (Figs. 2, 3 ). The Grass Lakes Group is host to the Fyre Lake, Kudz Ze Kayah, and GP4F deposits, whereas the Wolverine Lake Group hosts the Wolverine deposit. The Grass Lakes and Wolverine Lake Groups have been interpreted to represent a continental back-arc rift to back-arc basin assemblage (Piercey et al., 2001a (Piercey et al., , b, 2002a (Piercey et al., , b, 2003 Murphy et al., 2006; Nelson et al., 2006) .
The hanging wall of the Money Creek thrust is comprised of the Upper Devonian to lower Mississppian metasedimentary and felsic to intermediate metavolcanic rocks and granitoid rocks (Mortensen, 1992b , and references therein), Lower Permian limestone, and, locally, Lower Permian darkgray basinal clastic rocks (Figs. 2, 3) . These latter rocks are overlain by rocks of an upper thrust sheet which comprises undeformed, predominantly mafic Late Devonian volcanic A. All the stratigraphic units within the Finlayson Lake region. B. Detailed stratigraphy of the Grass Lakes and Wolverine Lake Groups. ALK = alkaline basalt, Arc = basalts with arc affinity, AT = A-type felsic rocks, "BAB" = back-arc basin basalt, BON = boninite, EMORB = enriched mid-ocean ridge basalt, N-MORB = normal mid-ocean ridge basalt, OIB = ocean island basalt. Bars near plutons reflect the range of U-Pb ages in plutonic suites. Modified from Murphy et al. (2006) . rocks of the Cleaver Lake Formation, spatially associated and probably comagmatic felsic, mafic, and ultramafic metaplutonic rocks, and a crosscutting early Mississippian pluton of the Simpson Range plutonic suite (Figs. 2, 3) . None of these rock units host significant accumulations of VMS mineralization. The rocks of the hanging wall of the Money Creek thrust (Cleaver Lake Formation and Simpson Range plutonic suite) have been interpreted to represent magmatism within a continental arc sequence (Grant, 1997; Piercey et al., 2001a Piercey et al., , b, 2003 Piercey et al., , 2006 Murphy et al., 2006) .
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To the north and east, the imbricated rocks of the YukonTanana terrane are juxtaposed against rocks of the Slide Mountain terrane along the Jules Creek fault (Figs. 2, 3) . In this area, the Slide Mountain terrane comprises the Mississippian to Lower Permian Fortin Creek Group metasedimentary and metavolcanic rocks. The Slide Mountain terrane also includes pristine to weakly foliated Lower Permian basalt, mafic, and ultramafic plutonic rocks, and minor sedimentary rocks of the Campbell Range Formation. The mafic rocks of the Slide Mountain terrane are host to the Ice VMS deposit (Figs. 2, 3 ) and are interpreted to have formed in a Permian back-arc basin environment (Plint and Gordon, 1997; Piercey et al., 2006) .
Porphyritic Rhyolites
The Wolverine deposit consists of two lenses of Zn-PbAg-rich massive sulfide associated with abundant Cu-rich stringer mineralization and typical pipelike, chlorite alteration (Bradshaw et al., 2001, in press) . The deposit has a hanging wall that consists of aphyric rhyolite, carbonaceous sedimentary rocks, iron formation, and basalt (Bradshaw et al., 2001) . The footwall contains felsic volcaniclastic rocks, abundant carbonaceous sedimentary rocks, and rhyolite porphyritic sills. Within the Wolverine Lake Group, the bulk of the porphyritic rhyolites are located proximal to the Wolverine deposit. The deeper portions of the Wolverine Lake Group consist predominantly of felsic volcaniclastic and carbonaceous sedimentary rocks. Within the Wolverine deposit area the porphyritic rhyolites are present in four zones: (1) Wolverine/Lynx zone, (2) Fisher zone, (3) Sable zone, and (4) Puck zone (Fig. 4) . The porphyries are concordant to semiconcordant (e.g., Fig. 5 ), suggesting a sill-like morphology, and are of two types: quartz-feldspar porphyry (QFP) and feldspar porphyry (FP). The two types of porphyry occur in most zones, but the relative abundances of the types differ between each zone. The Wolverine/Lynx and Fisher zones contain predominantly FP with subordinate QFP, the Puck zone contains predominantly QFP with lesser FP, and the Sable zone contains only QFP (Figs. 5-7; additional graphic logs are available as a digital supplement at <http://www.geoscienceworld.org/> or, for members and subscribers, on the SEG website, <http://www.segweb.org>). At present, significant mineralization is associated with porphyries only in the Wolverine/Lynx zones, although the Fisher, Sable, and Puck Murphy et al. (2006) . zones also contain iron formation, carbonate-pyrite exhalites, and minor massive sulfide.
Quartz-feldspar porphyry intrusions are typically massive and coherent, range in thickness from ~1 to 2 m up to 25 m (Fig. 6 ). Quartz and feldspar phenocrysts occur within a homogeneous "vitreous" groundmass. Quartz crystals are subhedral, clear to blue in color, comprise 7 to 12 vol percent of the rock, and are 2 to 8 mm in size. Feldspar grains are typically subhedral to euhdral, comprise <1 to 7 vol percent of the rock and are <1 mm to 1.3 cm in size (Figs. 6, 7) . The QFP intrusions are massive, homogeneous, and are devoid of amygdules and flow banding. They have chilled contacts along their margins, and there is a progressive decrease in the size and abundance of quartz and feldspar crystals from the margins to the interiors of the sills (Fig. 6 ). Chilled margins are not always present along both the upper and lower contacts of the intrusions due to shearing and deformation along their contacts. The QFP intrusions intrude and are interlayered with felsic volcanic siltstone (felsic tuff), variably carbonaceous argillite, and mixed felsic volcanic siltstone and argillite (Fig. 6) . Locally along the chilled contacts there are centimeter-scale argillite fragments and xenoliths, suggesting emplacement into sediment that was not completely lithified.
All QFP intrusions are variably altered, with most feldspars partially to completely replaced by sericite with a groundmass consisting primarily of recrystallized quartz and sericite. Millimeter-scale (1-4 mm wide) veinlets of quartz, sericite, pyrite, and sphalerite in varying proportions are present in the QFP; in some samples sulfide-rich veinlets constitute 5 to 10 vol percent of the rock.
Feldspar porphyries are similar in many respects to the QFP. The FP intrusions are massive and coherent with 5 to 15 vol percent subhedral to euhedral feldspar crystals that range in size from 2 mm to 1.3 cm within an aphanitic (vitreous) groundmass (Fig. 7) . The intrusions are homogeneous and devoid of amgydules and flow banding (Figs. 6, 7 ). Chilled contacts with wall rocks are typically aphyric and are characterized by an in increase in feldspar phenocryst size and percentage toward the interior of the intrusions (Fig. 6) . Contacts are parallel to foliation or bedding in the adjacent host rocks consistent with a sill-like morphology (Figs. 6) . The FP intrusions are variably altered, most commonly with patchy replacement of primary K-feldspar by gray to black secondary K-feldspar. Sericite commonly replaces both matrix and feldspar phenocrysts. Pyrite-quartz and pyritequartz-sericite veinlets crosscut many of the porphyries; in a 10-12%, 4-6mm, <3%, 2mm-1.3cm
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Geochemistry
The geochemistry of the porphyritic rhyolites is summarized in Tables 1 and 2 . The entire dataset is available as a digital supplement to this paper at at <http://www.geosciencworld. org/> (or, for members and subscribers, on the SEG website, <http://www.segweb.org>). Details of the sampling protocol, analytical methods, and precision and accuracy are presented in the Appendix. To characterize the primary geochemistry of the porphyritic rhyolites we have relied primarily on the immobile major elements Al 2 O 3 and TiO 2 , the high field strength elements (HFSE) Zr, Hf, Nb, Ta, Y, and Th, and rare earth elements (REE) La to Lu. We have not used most of the major elements or low field strength elements (LFSE), which substitute for Na, K, and Ca, due to their mobility during hydrothermal alteration and metamorphism. This is supported by their scatter on an alteration box plot in which the porphyries lie on arrays extending from the least altered rhyolite to the chlorite-pyrite and sericite-altered end members (Fig. 8) . Furthermore, the large scatter of most major elements in plots against the immobile element Zr (Fig. 9) is consistent with their mobility during hydrothermal alteration Notes: 1 Zircon saturation temperature (Watson and Harrison, 1983) There is no difference in the compositions of the FP or QFP in the different zones of the Wolverine deposit. Therefore, we consider samples from different zones to belong to a single suite of FP or QFP intrusions.
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The FP suite has Nb/Y ratios that straddle the subalkaline and/or alkaline boundary with Nb-Y systematics, indicative of a within-plate affinity (Fig. 11 , Table 2 ). They have transitional to calc-alkalic Zr/Y and Zr/Nb ratios that border on peralkalic ( Fig. 10D , F, Table 2 ). On primitive mantle-normalized plots the FP suite has downward-sloping profiles with LREE enrichment and distinctive negative Nb, Eu, and Ti anomalies and depletions in the compatible elements V and Sc (Fig. 12) . They have flat upper continental crust-normalized patterns with weak negative Eu anomalies ( Fig. 12 ) and La/Sm UCN~1 ( Fig. 13 ), similar to rocks derived from, or that have interacted with, upper continental crustal material. This is also supported by the Nb/Th UCN values close to 1 (Fig. 13; McLennan, 2001 ). The LREE enrichment in this suite overlaps the fields for Archean FII to FI rhyolites ( Fig. 14A ) and the fields for the Phanerozoic rhyolites from the Mount Windsor, Kuroko, and Que River districts (Fig. 14B) .
The QFP suite has Nb/Y ratios that straddle the alkaline boundary and have within-plate affinities (Fig. 11 ). Unlike the FP suite, the QFP suite has Zr/Y ratios that are transitional between tholeiitic and calc-alkalic (Fig. 10F ). The primitive mantle-normalized patterns are similar to the FP suite with LREE enrichment and negative Nb, Eu, and Ti anomalies, but the overall abundance of trace elements is lower (Fig. 12) . The QFP suite has flat upper continental crust-normalized patterns with variable Eu anomalies ( Fig.  12 ), likely reflecting variable mobility due to alteration (e.g., Wood and Williams-Jones, 1994) . La/Sm UCN and Nb/Th UCN ratios are close to 1, as in the FP suite, but they are displaced toward lower absolute values of Nb, Th, La, and Sm (Fig. 13) . The REE concentrations of the QFP suite are similar to FI rhyolites from Archean volcanic sequences ( Fig. 14A ) and overlap the fields for Phanerozoic rhyolites from the Que River district (Fig. 14B ).
U-Pb Geochronology
Four samples for geochronology were taken from both surface and drill core from the Wolverine deposit. The sampling protocol and analytical methods for U-Pb geochronology are outlined in the Appendix, and the results are outlined below and in Figure 15 and Table 3 .
Wolverine/Lynx zone
This drill core sample (WW00-01, 439836E, 6811491N, 445-m depth) is a coherent FP rhyolite intrusion that yielded abundant clear, pale yellow, euhedral prismatic zircon grains. Analyses of six fractions of abraded zircons are shown in Figure 15A . Two fractions (A and G) yielded overlapping concordant analyses with a total range of 206 Pb/ 238 U ages of 347.8 ± 1.3 Ma, which is interpreted to be the crystallization age (Fig. 15, Sun and McDonough (1989) . Ishikawa et al., 1976 ; CCPI = chlorite-carbonate-pyrite-index, Large et al., 2001 ). The porphyries lie on arrays from the least altered box toward the K-feldspar, sericite, and pyrite nodes reflecting alkali mobility and varying amounts of K-feldspar, sericite, and pyrite alteration. Leat et al., 1986) , (E) Ga, (F) Y (affinities based on work of Barrett and MacLean, 1999) , (G) Th, (H) La, (I) Sm, and (J) Yb. The strong correlation with Zr concentrations indicates that these elements were immobile during hydrothermal alteration.
presence of a minor to major component of inherited zircon in these fractions. Fraction C gave much younger 206 Pb/ 238 U ages than the two concordant fractions; however, the 207 Pb/ 206 Pb age for this fraction overlaps those of the concordant fractions (Table 3 ). This fraction is interpreted to have been free of inheritance but likely contained zircon that had experienced Pb loss that was not completely removed by the abrasion.
Sable zone
This surface sample (Sable, 440338E, 6810613N) is of a QFP intrusion that yielded zircons similar in appearance to those from WW00-01. Four fractions of grains with clear tube-shaped inclusions passing through their centers were analyzed after strong abrasion. From previous experience in Yukon-Tanana terrane rocks zircons with tube-shaped inclusions in their cores typically do not contain inherited zircon and yield magmatic cystallization ages rather than inheritance ages. Fractions A and D yielded overlapping concordant data ( Fig. 15B ) with a total range of 206 Pb/ 238 U ages of 352.4 ± 1.5 Ma (Table 3) interpreted to be the crystallization age of the sample. Fraction C yielded an older and slightly discordant 207 Pb/ 206 Pb age, and fraction B yielded a much older 207 Pb/ 206 Pb age (Table 3) . Both of these fractions are interpreted to contain inherited zircon. Two fractions (E and F) of fine-grained, very elongate prisms were also abraded and analyzed. They gave the same 207 Pb/ 206 Pb ages as the two concordant fractions but considerably younger 206 Pb/ 238 U ages ( Table 3 ), indicating that they have both experienced postcrystallization Pb loss.
Fisher zone
This surface sample (P98-69A, 433931E, 6816809N) is a coherent FP rhyolite that yielded two main populations of zircons: elongate square prismatic grains, and stubby prisms to equant grains. Six fractions of strongly abraded elongate prismatic grains were analyzed together with three fractions of stubby prismatic grains. The elongate grains generally had little or no inherited component, whereas the stubby to equant grains yielded slightly to much older 207 Pb/ 206 Pb ages, reflecting the presence of a substantial inherited zircon (Fig. 15C) . Two fractions of the elongate grains (A and I) yielded overlapping, concordant 206 Pb/ 238 U ages of 346.0 ± 2.2 Ma (Table  3) . This is considered to be the crystallization age of the sample. All other fractions yielded somewhat older 207 Pb/ 206 Pb ages and a considerable range of 206 Pb/ 238 U ages (Table 3) , and these are thought to reflect the effects of minor amounts of inherited zircon in a small proportion of the grains analyzed, coupled with minor postcrystallization Pb loss. Winchester and Floyd (1977) (from Pearce, 1996) . B. Nb-Y discrimination diagram of Pearce et al. (1984) . These diagrams illustrate that the Wolverine porphyries straddle the subalkaline-alkaline boundary and have within-plate (A-type) affinities.
Puck zone
This sample of QFP from drill core (PUCK, 443884E, 6805995N, drill hole PK96-04, 225-m depth) yielded four concordant fractions (A, B, D, and E) but with a considerable range in 206 Pb/ 238 U ages (Table 3) . We tentatively assign a crystallization age of 356.9 ± 0.5 Ma to this sample, based on the 206 Pb/ 238 U age for fraction D, which is the oldest concordant analysis. Fractions F and C give much older 207 Pb/ 206 Pb ages, reflecting the presence of a substantial inherited component. The interpreted age of this sample is considerably older than that of the three other samples and is based on only one concordant data point. As such, we cannot preclude the possibility that this fraction also contained a minor component of inherited zircon from slightly older rock units through which it was intruded. Based on the similarities geologically and geochemically with the Sable zone QFP intrusion, which has a more precise age of 352.4 ± 1.5 Ma, the assigned crystallization age for this intrusion is possibly overestimated.
Geologic, Temporal, and Petrotectonic Evolution of
Porphyries in the Wolverine VMS Deposit Based on field relationships, the QFP and FP intrusions represent two distinct magmatic events within the Wolverine basin, and U-Pb geochronology supports this interpretation. The QFP intrusions are interpreted to be the earliest phase of rhyolitic magmatism, as they have weakly developed chilled margins and xenoliths along their margins, indicative of intrusion into partially, but not completely, lithified sedimentary material (Fig. 7) . In contrast, the feldspar porphyries show well-developed chilled margins (Fig. 7) , suggesting that they were emplaced after the QFP intrusion into sediments that were completely lithified. The FP suite from the Wolverine/Lynx and Fisher zones have U-Pb ages that are ~5 m.y. younger than the QFP intrusions (Fig. 15, Table 3 ) and indicate that porphyry magmatism was episodic during the evolution of the Wolverine footwall sequence.
The episodic magmatism can be explained within the context of an evolving continental back-arc rift. In this model the porphyries formed in response to crustal melting and crustmantle mixing caused by basaltic underplating during backarc extension (Piercey et al., , 2003 . In both porphyry suites, crustal melting and/or crustal contamination was quite important as indicated by the flat upper continental crust-normalized REE patterns (Fig. 12) and La/SmUCN and Nb/ThUCN ratios near unity (Fig. 13, Table 2 ; McLennan, 2001) . Furthermore, the inherited zircon (Fig. 16, Table 3 ) and existing Nd isotope data (Piercey et al., 2003) the role for significant ancient crust in the genesis of these porphyries. There are subtle but important differences between the FP and the QFP. The FP suite has higher absolute abundances of HFSE and REE (Figs. 10-12, 16; Table 1 ). Furthermore, the FP has higher Zr/Ti, Zr/Y, Zr/Ga, Ti/Sc, and Nb/Ta ratios and lower Al/Zr ratios relative to the QFP (Figs. 10, 13; Table 2 ), suggesting variations in their petrogenic histories. Although subtle, these variations are significant, and variation in HFSE and REE abundances can be explained largely by variations in the temperature of melting between the two suites; the higher the temperature of melting of a source region the more HFSE and REE enriched the felsic magma will be (Clemens et al., 1986; Whalen et al., 1987; Creaser and White, 1991; Bea, 1996a, b; Watson, 1996; King et al., 1997; Hanchar and Watson, 2003; ) .This relationship is supported by the zircon saturation temperatures for the different porphyry suites (Table 1 (1) where D Zr, zirc°n/melt is the ratio of Zr concentration (ppm) in zircon to that in a saturated melt (i.e., the mineral-melt partition coefficient for Zr from Watson and Harrison, 1983) , M is the alumina saturation factor for the rock [M = (Na + K + 2 ⋅ Ca)/(Al ⋅ Si)], and T is temperature in Kelvin. In rocks that have inherited zircon, like those at the Wolverine, zircon saturation temperatures provide maximum estimates of the temperature of the felsic rock at the source (Miller et al., 2003) and by association provide an estimate of the temperature of formation of the felsic rocks (e.g., Barrie, 1995) . Zircon saturation temperatures can be affected by alkali element mobility, a distinct possibility at Wolverine; however, in Figure 17 we have provided two plots of zircon saturation temperatures against Nb (a proxy for HFSE enrichment); one with all the data (except the chlorite-carbonate-pyrite-altered samples) and one screened for the least altered samples. From this diagram it is clear that both the altered and least altered samples comprise two populations: the FP with higher zircon saturation temperatures and higher Nb contents and the QFP with lower zircon saturation temperatures and Nb contents (Fig. 18 ). This diagram illustrates that there is a correlation between HFSE and zircon saturation temperatures implying that the higher temperature porphyries have higher Nb contents (and by association the other HFSE), consistent with existing experimental and empirical work (Clemens et al., 1986; Whalen et al., 1987; Creaser and White, 1991; Bea, 1996a, b; Watson, 1996; King et al., 1997; Hanchar and Watson, 2003) . The high Zr/Ti, Zr/Y, Zr/Ga, and lower Al/Zr ratios also are consistent with higher temperatures of melting, as the Zr concentrations would increase to a greater extent than Ti, Y, Ga, and Al (e.g., Bea, 1996a, b) . However, the temperature of melting cannot explain the differences in Nb/Ta and Ti/Sc ratios between the FP and QFP. The difference in Nb/Ta and Ti/Sc can be attributed to an increase in the mantle component in the FP suite relative to the QFP suite and a greater crustal component in the QFP suite relative to the FP suite. The Nb/Ta ratios for FP suite rocks are clustered closer to Nb/Ta values for mantle and mantle-derived materials (~17.5), whereas the QFP suite cluster closer to values for the upper continental crust (~12; Fig. 13 , Table 2 ; Green, 1995; Wedepohl, 1995; Barth et al., 2000; McLennan, 2001; ) . The lower Ti/Sc values of both suites lie within the range of upper continental crust (180-450; Wedepohl, 1995; McLennan, 2001) , but the QFP suite has much higher Ti/Sc values (Ti/Scavg = 414-434) consistent with a greater crustal component in their genesis (Fig. 13) .
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The variations in temperature and mantle contributions to the FP and QFP magmas can be explained by the evolving back-arc basin model. The early magmatism during intial back-arc rifting at ~352 Ma was caused by crustal melting due to basaltic underplating (e.g., Huppert and Sparks, 1988) , resulting in the formation of the QFP suite (Fig. 18A) . This stage was broadly contemporaneous with the formation of intrabasinal tuffs and the bulk of the footwall succession of the Wolverine VMS deposit; notably, the tuffaceous rocks from the footwall of the deposit have trace element signatures similar to the QFP suite . The second stage of magmatism at ~347 to 346 Ma formed in response to continued back-arc rifting and further upwelling of basalt (Fig.  18B) . With continued rifting, basalt would have risen to higher levels within the crust resulting in greater crust-basalt mixing, ultimately leading to the increase in the mantle component of the FP melts (Fig. 18B) . The upwelling of basaltic magmas would also explain the higher zircon saturation temperatures and higher HFSE and REE concentrations observed in the FP suite.
Further support for extension and upwelling of basalt comes from the stratigraphy of the Wolverine deposit. The entire Wolverine Lake Group is capped by mid-ocean ridge 24 PIERCEY ET AL.
0361-0128/98/000/000-00 $6.00 24 1 N1, N2 = nonmagnetic at n degrees side slope on Frantz magnetic separator; grain size given in microns; e = elongate; s = stubby prisms to equant; u = unabraded 2 radiogenic Pb; corrected for blank, initial common Pb, and spike 3 corrected for spike and fractionation 4 corrected for blank Pb and U, and common Pb Watson and Harrison, 1983) in relationship to Nb contents (Nb acting as a proxy for HFSE enrichment). In (A) the entire suite of FP and QFP are presented and unscreened for alteration (except for the chlorite-carbonate-pyrite altered porphyries which are not included). In (B) the least altered samples are presented. In both plots there is a separation into two populations: the higher temperature FP suite with higher concentrations of HFSE and the lower temperature QFP suite with lower concentrations of HFSE. This diagram strongly suggests that the elevated HFSE in the Wolverine porphyries are directly related to their temperature of formation. 
First Phase QFP Sills   FIG. 18 . Block model outlining the petrogenetic and metallogenic evolution of the Wolverine back-arc basin in relationship to the two main phases of porphyry intrusion. A. The initial QFP phase (~352 Ma) involves predominantly crustal melting due to basaltic underplating and subsequent emplacement of the QFP sills within a back-arc rift. B. With continued extension within the rift basaltic magmas rise within the crust resulting in increased heat flow, increased crust-mantle interaction (thus explaining the greater mantle component in the FP suite) and genesis of the FP suite of intrusions. The increase in heat flow from the mantle was critical in elevating the geothermal gradient within the Wolverine back-arc basin and in generating the Wolverine VMS deposit. basalt (MORB; see Piercey et al., 2002b; Figs. 4, 5) , suggesting that the initial phase of rifting (Fig. 16A ) and initial mantle upwelling (Fig. 16B) , eventually gave rise to basaltic eruptions and sea-floor spreading. Although mineralization occurred after the FP suite was emplaced (mineralization cross cuts the FP suite), mantle heat was likely key in forming both the QFP and FP intrusions (Fig. 15) . Sustained mantle heat flow within the Wolverine back-arc rift from ~352 to ~347 to 346 Ma, therefore, likely contributed to the formation of the Wolverine hydrothermal system and VMS deposit (Fig. 15) .
Implications of ages for the tectonic setting and timing of Wolverine VMS deposit genesis
The new U-Pb ages for the Wolverine porphyries complement existing data for the Finlayson Lake district (Mortensen, 1992a, b; Murphy et al., 2006) and provide a critical chronostratigraphic framework for the large-scale tectonic-magmatic and metallogenic history for a large part of the northern Cordillera.
The age of the lowermost part of the Wolverine Lake Group is constrained by the youngest detrital zircons in the lowermost conglomerate unit (~357 Ma) and a U-Pb zircon age for rhyolite just above this conglomerate (356 ± 1 Ma; Murphy et al., 2006) . In contrast, the porphyries that comprise the immediate footwall to the Wolverine deposit range from ~352 to 347 Ma (Fig. 15) . Both porphyry suites are cut by alteration and mineralization, which suggests that the Wolverine deposit is no older than 347.9 to 346.0 Ma, the age of the FP suite of intrusions (Fig. 15) . The close spatial association of the porphyries to mineralization in the Wolverine/Lynx zone suggests that the age of the porphyries is also the likely age of deposit formation.
The ages obtained for the Wolverine deposit are different than other VMS deposits in the Finlayson Lake district (Fig.  19) . For example, the mafic-and sediment-hosted Fyre Lake Nelson et al. (2002) . Age data for Red Dog are from Morelli et al. (2004) . Data for Rammselberg and Meggen deposits are from Large and Walcher (1999) and references therein. Age data for the Iberian pyrite belt are from Nesbitt et al. (1999) and Barrie et al. (2002) . Figure modified from Nelson et al. (2002) . Timescale from Harlan et al. (1990). deposit occurs within the Fyre Lake Formation of the underlying Grass Lakes Group (Figs. 2, 3 ) and has an age of ~365 Ma (Mortensen, 1992a, b; Murphy et al., 2006) The felsichosted Kudz Ze Kayah and GP4F deposits are hosted in the Kudz Ze Kayah Formation of the underlying Grass Lakes Group (Figs. 2, 3, 19 ) and have ages that are ~360 Ma (Mortensen, 1992b; Murphy et al., 2006) . In contrast, the Ice deposit is hosted in the overlying Campbell Range Formation (Figs. 2, 3 ) in rocks that are ~275 Ma (Mortensen, 1992a, b; Murphy et al., 2006) . The felsic volcanic petrology, radiogenic isotope systematics, and zircon inheritance patterns of the rhyolites at the Wolverine deposit are similar to those at Kudz Ze Kayah and GP4F (Mortensen, 1992b; Piercey et al., 2001b Piercey et al., , 2003 ), yet there is at least 13-to 14-m.y. difference between the ages of the deposits (Fig. 19) . These results clearly illustrate that VMS mineralization within the Finlayson Lake district was episodic.
The episodic nature of VMS mineralization in the Finlayson Lake district is similar to that found in the Bathurst mining camp in New Brunswick and the Iberian pyrite belt. In the Bathurst camp, the Brunswick deposits formed at ~471 to 469 Ma, whereas the Caribou deposits are younger thañ 466 to 465 Ma (Sullivan and van Staal, 1990; van Staal et al., 1992) . In the Iberian pyrite belt, recent U-Pb zircon dating has shown that the deposits formed at 356, 354, 352, and 346 Ma, spanning at least 10 m.y. (Nesbitt et al., 1999; Barrie et al., 2002) . In contrast, deposit formation in some VMS districts occurs rapidly, often during a single event. For example, in the Noranda VMS camp most magmatism within the Blake River Group occurs between 2703 and 2697 Ma, and more likely all sulfide deposition occurred between 2701 and 2697 Ma (Mortensen, 1993; Galley and van Breemen, 2002) . Similarly, in the Sturgeon Lake camp, mineralization formed over a very restricted interval between 2735 and 2734 Ma (Davis and Trowell, 1982; Davis et al., 1985; Galley et al., 2000) .
The difference in ages between the older phase of Fyre Lake-, Kudz Ze Kayah-and GP4F-related hydrothermal activity and the younger Wolverine phase of hydrothermal activity (Fig. 19) has been attributed to tectonic disruptions during the evolution of an ensialic back-arc basin environment (e.g., Murphy and Piercey, 1999; Piercey et al., 2001b) . Arc magmatism dominates the earliest phases of magmatism in the Finlayson Lake district at ~365 to 360 Ma (Mortensen, 1992b; Piercey et al., 2001a Piercey et al., , b, 2003 Piercey et al., , 2004 Piercey et al., , 2006 and was succeeded by ensialic back-arc basin magmatism and VMS deposit formation in the Kudz Ze Kayah Formation. Following mineralization, the entire basin was uplifted, deformed, and an unconformity was developed between the Grass Lakes and the Wolverine Lake Groups at 357 Ma (Murphy, 1998; Murphy and Piercey, 1999; Murphy et al., 2006) . The rocks of the lower parts of the Wolverine Lake Group and the footwall to the Wolverine deposit formed after the development of this unconformity. These rocks are petrologically identical to the overlying Grass Lakes Group but are less deformed (Murphy and Piercey, 1999; Piercey et al., , 2003 . This implies that there was a continuation of ensialic back-arc rifting, which eventually resulted in seafloor spreading and the generation of the MORB-type basalt stratigraphically above the Wolverine deposit (Piercey et al., 2002b) .
Regional implications
The ensialic back-arc basin activity within the Finlayson Lake region was broadly coincident with arc and continent rifting along the western North America margin in the Devonian-Mississippian, which led to the development of the Slide Mountain back-arc basin (Nelson, 1993; Nelson et al., 2002 Nelson et al., , 2006 Piercey et al., 2003 Piercey et al., , 2004 Piercey et al., , 2006 , and continental rifting and magmatism within the North America cratonic margin ( Fig. 19 ; Gordey et al., 1987; Goodfellow et al., 1995; Paradis et al., 1998) . This arc and continent rifting started at 365 to 360 Ma (e.g., Nelson, 1993; Dusel-Bacon et al., 2004; Piercey et al., 2004) and continued after the Wolverine deposit formed as the Slide Mountain back-arc basin widened (e.g., Nelson, 1993; Nelson et al., 2006; Piercey et al., 2006) . This extensional geodynamic regime along the margin of North America was likely a critical factor in regional metallogenesis (e.g., Paradis et al., 1998; Nelson et al., 2002) .
The formation of the Wolverine deposit is coincident with a significant number of exhalative, syngenetic sulfide deposits in the northern Cordillera that span the Devonian-Mississippian boundary, including both VMS and sedimentary exhalative (SEDEX) mineralization in both the Yukon-Tanana terrane and along the North American margin ( Fig. 19 ; Paradis et al., 1998 Paradis et al., , 2006 Bailey et al., 2001; Nelson et al., 2002; Dusel-Bacon et al., 2004) . In the southern Canadian Cordillera, similar styles of syngenetic sulfide mineralization formed in this time interval (Paradis et al., 2006) . It was also a period when numerous VMS-and SEDEX-type deposits formed globally, including many giant and super giant deposits ( Fig. 19 ; Large and Walcher, 1999; Nesbitt et al., 1999; Barrie et al., 2002; Morelli et al., 2004) . It has been suggested that this global pulse of massive sulfide mineralization may have been related to global anoxia (Goodfellow, 1987) . It is possible that black shales deposited during this anoxia, and which are prevalent in the Wolverine deposit, may have served as excellent traps for upwelling hydrothermal fluids (i.e., highly efficient cap rocks that could have prevented or significantly reduced the dissipation of metalliferous hydrothermal fluids into the overlying water column and promoted subsea-floor replacement-style deposition).
Significance of HFSE-and REE-Enriched Rhyolites
to VMS Deposit Genesis The Wolverine deposit porphyritic rhyolites are some of the most HFSE-and REE-enriched felsic rocks in any VMS camp in the world (see Lentz, 1998 and references therein). This geochemical relationship is not necessarily unique and has been recognized in VMS-related rhyolites from the Archean to the present (Lesher et al., 1986; Lentz, 1998; Piercey et al., 2001b; Dusel-Bacon et al., 2004) . This common occurrence of HFSE-and REE-enriched rhyolites with VMS deposits suggests a link between the petrogenetic (and tectonic?) history of these rhyolites and the generation of massive sulfide mineralization.
It is not surprising that many ancient VMS systems, especially those associated with continental margin settings like the Wolverine deposit, are associated with HFSE-and REEenriched felsic magmas (Mortensen and Godwin, 1982; Lentz, 1998; Piercey et al., 2001b; Dusel-Bacon et al., 2004) .
These rocks formed in environments with elevated geothermal gradients and would have had the elevated heat flow necessary to drive long-lived and robust hydrothermal systems key to forming VMS mineralization (Cathles, 1981; Barrie et al., 1999) .
Although the Wolverine HFSE-and REE-enriched porphyries are clearly associated with VMS mineralization, they have FI to FII designations (Fig. 14) , the least prospective types of VMS-associated rhyolites in Archean successions (Lesher et al., 1986; Hart et al., 2004) . When initially conceived the FI to FIII classification was intended for use in Archean rhyolite successions (Lesher et al., 1986) . In recent years, however, some workers have suggested that it is also suitable for younger felsic sequences (Hart et al., 2004) . The results provided herein imply that this suggestion is not completely valid. The designation of these rhyolites within the less prospective FI to FII fields, however, has more to do with their elevated La (and Zr) than depletion in Yb (and Y). In the models of Lesher et al. (1986) and Hart et al. (2004) the FI and FII designations, and depletions in HREE and Y, are properly interpreted to reflect the presence of garnet (FI) and amphibole (FII) in the melt source regions, which deplete Y and Yb, leading to higher Zr/Y and La/Yb n ratios, reflecting deeper sources of melt generation. This assumption is valid in Archean crustal environments where the substrate is largely basaltic in nature (e.g., Hart et al., 2004) , however, it is not completely valid for rocks derived from melting of evolved continental crust. In particular, the trace element budget of continental crustal melts is largely controlled by the efficiency of melting of HFSE-and REE-enriched accessory phases (e.g., Watson and Harrison, 1983; Bea, 1996a, b; Watson, 1996) . Thus, for rhyolites formed from melting of continental crust, La/Yb n and Zr/Y ratios are mainly controlled by the dissolution kinetics of HFSE-and REE-enriched phases during crustal melting and to a lesser extent the depth at which the melts were generated. Thus, in continental margin arc and back-arc rift environments it is more important to identify HFSE-and REE-enriched felsic melts, rather than FI to FIII signatures, when searching for new prospective VMS environments.
Summary and Conclusions
Porphyritic rhyolites form an important component of the footwall of the Wolverine volcanogenic massive sulfide (VMS) deposit and include two types: an early, ~352 Ma suite of quartz-feldspar porphyritic (QFP) rhyolite suite, and a younger, ~347 to 346 Ma feldspar porphyritic (FP) suite. These porphyry sills are pre-to synmineralization, respectively, and suggest mineralization in the Wolverine VMS deposit formed at ~347 to 346 Ma. Both suites of porphyries have indications of derivation from and/or extensive interaction with ancient upper continental crustal materials. The FP suite, however, has elevated concentrations of high field strength elements (HFSE) and rare earth elements (REE), higher zircon saturation temperatures, and higher Nb/Ta ratios, and lower Ti/Sc ratios relative to the QFP suite. These features are interpreted to reflect that the FP suite of magmas were hotter (>900°C) melts with a larger mantle component in their genesis relative to the QFP suite. Both suites, however, are interpreted to have formed due to basaltic upwelling, crustal melting, and crust-mantle mixing during ensialic back-arc basin activity. The presence of mantle heat within the Wolverine basin from ~352 to ~347 to 346 Ma, a minimum of 5 m.y., suggests that sustained mantle heat flow was critical to the genesis of the Wolverine porphyries and Wolverine VMS deposit. Upwelling mantle, therefore, may be critical in providing the heat to drive hydrothermal systems even in continental margin-type VMS environments (e.g., Bathurst, Iberian pyrite belt), where the role of the mantle typically is not recognized.
When compared to Archean rhyolitic sequences the Wolverine rhyolites have FI and FII signatures and would be considered less prospective hosts for VMS deposits (Lesher et al., 1986; Hart et al., 2004) . This is due to the fact that in the original models of Lesher et al. (1986) the FI and FII designations are controlled primarily by depth of melt generation and garnet and amphibole stability in the crustal residues from which the rhyolites were generated. Although this assumption is valid in many instances, it is not valid in areas dominated by mature continental crust where trace element budgets are largely controlled by HFSE-and REE-enriched accessory phases (e.g., zircon, monazite) and the extent to which these phases are dissolved during crustal melting. Thus, in younger belts underlain by mature continental crust, it is most important to identify HFSE-and REE-enriched felsic rocks.
The ages of formation of the Wolverine deposit, and other Devonian-Mississippian VMS deposits in the Finlayson Lake district, are coincident with widespread extensional geodynamic episodes in the Finlayson Lake region and elsewhere in the northern Cordillera. This extensional geodynamic activity accompanied arc-rifting and ensialic back-arc basin activity in the Yukon-Tanana terrane and was coincident with the opening of the Slide Mountain back-arc basin (ocean). The ages of the Wolverine deposit are also broadly contemporaneous with a widespread global pulse of syngenetic VMS and SEDEX mineralization (e.g., Red Dog, Iberian pyrite belt, Selwyn basin, Rammselberg-Meggen and Delta-Bonnefield districts), and one of the largest oceanic anoxic events in Earth's history (Goodfellow, 1987) .
We suggest that the formation of the Wolverine deposit was the product of a number of factors including: (1) an extensional geodynamic regime (e.g., ensialic back-arc basin) that produced the conduits required for upwelling hydrothermal fluids and a focusing mechanism for these fluids (i.e., synvolcanic faults); (2) anomalously high-temperature felsic magmatism (>900°C) that provided the heat flow required to drive hydrothermal circulation; and (3) anoxic bottom waters and deposition of black shales, which served as physical (and thermal) traps and promoted the deposition and preservation of massive sulfides. In the Late Devonian to Early Mississippian these conditions may have been important for regional metallogenesis throughout the northern Cordillera (Fig. 19) .
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